Although genetic background is known to contribute to colon carcinogenesis, the exact etiology of the disease remains elusive. The organ's extensive interaction with microbes necessitated research on the role of microbiota on development of colon cancer. In this review, we summarized the defense mechanism of colon from foreign organism, and germ-free animal models that have been employed to elucidate microbial effect. We also comprehensively discussed the metabolic property of microbiota such as butyrate production, facilitation of heme toxicity, bile acid transformation, and nitrate reduction that has been shown to contribute to the development of the tumor. Finally, up-to-date subjects such as the effect of age and gender on microbiota are briefly discussed. 
INTRODUCTION
According to the International Agency for Research on Cancer estimates, in 2012, colorectal cancer accounted for 9.7% of all incident cancers in the world with 1.4 million cases and 694,000 deaths. That makes it the third most common cancer in men and the second in women. 1, 2 The human gastrointestinal tract represents one of the largest interfaces (250-400 m 2 ) between the host, environmental factors and antigens in the human body. 3 The dense communities of bacteria in the lower intestine (≥ 10 12 /cm 3 ) are separated from body tissues by the epithelial layer (10 m) over the surface area. 4 Human intestinal microbiota is composed of 10 13 to 10 14 microorganisms with microbiome (collective genome) of at least 100 times as many genes as our own genome. 5 According to revised estimates, the number of bacteria in the body is about the same order as the number of human cells, and their total mass is about 0.2 kg. 6 This microbiome encompasses all genes for processes, such as substrate breakdown, protein synthesis, biomass production, production of signaling molecules, and antimicrobial compounds. 7 It also encodes biochemical pathways that humans have not evolved. 7 The intestinal microbiota can therefore be regarded as a separate organ within the human host, that is capable of even more conversions than the human liver. 8 There is mounting evidence that dysbiosis, a state of pathological imbalance in the gut microbiome is present in many disease states, including colorectal neoplasm. 9 In addition, there are many articles that published the effect of sex hormone, aging and fungi on the colon cancer. However, there have been few comprehensive review articles regarding the effect of microbiota on the colorectal neoplasm. From this background we tried to summarize the metabolic factors such as bile acid and butyrate which affect colon carcinogenesis in terms of the microbiota. 
COLORECTAL NEOPLASM
The widely accepted classic model for colorectal tumorigenesis suggests that at least 5 to 7 major molecular alterations are needed to occur for a normal epithelial cell to proceed to carcinoma. 10 The colorectal tissue environment is unique in that the intestinal mucosal surface is continuously exposed to a vast community of microorganisms. 11 Bacteria have been linked to colorectal cancer by production of toxic and genotoxic bacterial metabolites which can bind specific cell surface receptors and affect intracellular signal transduction. 12 A large body of evidence supports a relationship between infective agents and human cancers and suggests that certain mucosa-associated bacterial species play an important role in the pathogenesis of colorectal cancer 12, 13 A recent human study further reported the complex mechanism of colonic carcinogenesis regarding microbiota with the difference in colitis associated cancer and sporadic cancer.
14 General mechanisms for microbiota-related colon cancer is summarized in Figure 1 .
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DEFENSE MECHANISM OF COLON
In a mouse model of colon, two distinct layers of mucus were found. The firm mucus layer of colon is dense and has a high mucin2 (Muc2) concentration. 16 Probably according to the physical blockage of small sized pores, the inner layer doesn't carry bacteria. In contrast, the 'movable' outer layer which is colonized by bacteria has an expanded volume from the proteolytic cleavages of the Muc2. 16 Mucosal compartmentalization functions to minimize exposure of resident bacteria to the systemic immune system. 4 Typically, commensal microorganisms that penetrate the intestinal epithelial cell barrier are phagocytosed and eliminated by lamina propria macrophages. 17 Human mucosal barrier mainly consists of conventional colonic epithelial cells. Epithelial cells are maintained on a network of interconnected myofibroblasts. Goblet cells are important for producing both mucus and trefoil peptides, and enteroendocrine cells produce paracrine molecules. 18 The intraepithelial diffuse lymphocytes, intramucosal and submucosal follicles and patches form the barrier against organisms, such as bacteria, viruses, parasites and fungi. 18, 19 Innate immunity is the basic mechanism of mucosal defense. Pattern recognition receptors such as Toll-like receptors enables mammalian cells to recognize conserved characteristic molecules on microorganisms and they are known as pathogen-associated molecular patterns. 18, 20 Bacteria and their products affects the gut permeability to antigen. 21 Epithelial cytokines are influenced by factors in the luminal microflora and they regulate the status of local T cells, B cells macrophages and polymorphs. 21 While the immune system prevents microbial colonization, it paradoxically facilitates the establishment of gut microbiota. 22 Specifically, immunoglobulin A (IgA) has been suggested to help bacterial adherence to intestinal epithelial cells. 22 Donaldson et al. 22 recently reported the IgA-enhanced colonization on mucosa for the species of gut microbiome including the multiple strains of Bacteroides fragilis.
GERM-FREE ANIMAL MODEL
Germ-free animal models have been employed to investigate the interaction between gut microbiota and host in carcinogenesis. Gut commensal microbes colonizing neonatal mammals increase specific and natural antibodies against the microbiota, thereby affecting the immune system development. 23 When carcinogens such as 1,2-dimethylhydrazine (DMH) and azoxymethane (AOM) were administered, DMH induced colonic tumors in 20% of germ-free rats and in 93% of conventional rats. 24 AOM increased the multiplicity of colonic tumors in germ-free and gnotobiotic rats contaminated with Clostridium perfringens, as compared to conventional Rats. 24 Vannucci et al. 19 performed subcutaneous injection of carcinogen AOM and promoter porcine bile to germ-free and conventional rats. They found that germ free rats showed a lower susceptibility to induction and development of colorectal cancers, and a more active anticancer immune response than conventional rats. 19 Germ-free rats showed enhanced immunity represented by natural-killer cells and natural-killer T (NKT) lymphocytes, and increased number and augmented function of both cytotoxic T cell and B cells, while conventional rats had increased T, T helper and NKT cells and a reduction in B lymphocytes. 19 They hypothesized that immunological activation to commensal microflora may increase the spectrum of tolerance to antigens, thereby impeding the host's anticancer response.
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T-cell receptor  chain and p53 double-knockout mice (TCR
) shows high incidence of spontaneous colorectal cancer. 25 Kado et al. 26 conducted a study to investigate the role of intestinal microflora for development of adenocarcinoma in the p53 double-knockout mouse model. In conventional mice, adenocarcinomas of ileocecum and cecum were detected in 70% of animals. In contrast, in grem-free mice, the development of adenocarcinoma was completely suppressed. 26 On the other hand in familial adenomatous polyposis mouse model (C57BL/6-Apc Min/＋ ), there was no significant difference in development of adenoma in the intestine between germ-free mice and conventional animals. 27 However, a recent report by Tomkovich et al. 28 The role of microflora on the development of intestinal neoplasm varied according to the genetic background. According to aforementioned studies employing germ-free animals, there have been a trend that conventional microbiota is needed for carcinogenesis especially in sporadic colon cancer model.
METABOLIC PROPERTY OF MICROBIOTA IN TUMORIGENESIS
Metabolic property of gut bacterial population has been investigated in relation to tumorigenesis. Specific metabolic processes and products are discussed here (Fig. 2) . 29 
Butyrate
Colon microbiota depends on the dietary residues that avoided the digestion and absorption. 30 Typically, dietary fibers are fermented by microbiota of large intestine because they are not degraded and absorbed in the small intestine. 31 Consumption of a balanced diet predominantly yields carbohydrate residues such as fiber, which stimulates saccharolytic fermentation and the production of short-chain fatty acids (SFCAs). Bacteria with an almost exclusive saccharolytic metabolism are generally considered to be beneficial because of their metabolic function and end products. Such a metabolic function is typical for lactobacilli and bifidobacteria. 31 Among SCFAs, butyrate has been investigated extensively.
1) Role of butyrate
The SCFAs, namely acetate, butyrate, and propionate are quantitatively and metabolically the most important microbial end-products of the human colon fermentation process. 29, 32 Among them, butyrate produced by fermentation of dietary fiber is considered to be the main reason for the health benefit from the indigestible carbohydrate. 33 Butyrate is the preferred energy source for the colonic mucosa, and all three SCFAs have antiinflammatory and antiproliferative properties. 30 Meanwhile, butyrate suppresses the growth of tumor cells. The most investigated mechanism is that butyrate inhibits histone deacetylases (HDAC) and thus results in inactivation of many oncogenic signaling pathways. 34 The metabolic rearrangement in cancerous colonocytes is an appropriate means for providing biomaterials as well as energy that are essential for growth (Warburg effect). Therefore, butyrate accumulates and functions as an HDAC inhibitor. 35 The effect of butyrate has been reported to differ according to dosage. Lower doses of butyrate have a differential effect on cell proliferation depending on the Warburg effect, while higher doses of butyrate was shown to inhibit proliferation regardless of the Warburg effect. 35 Butyrate is metabolized to acetyl-CoA, the dose of butyrate determines the utilization of epigenetic mechanisms. 35 A high dose of butyrate (5 mM) is a potent HDAC inhibitor, while at low doses such as 0.5 mM, butyrate might induce histone acetylation by an alternative mechanism that is distinct from its role as an HDAC inhibitor. 35 Butyrate induces cell differentiation, promotes cell apoptosis and reduces tumor cell invasiveness. 36 Human study revealed that high red meat consumption increased the levels of pro-oncogenic microRNA including miR-17-92 cluster in rectal biopsies, and increased butyrate supply through consumption of a butyrylated-resistant starch restored the miR-17-92 miRNAs to baseline levels. 37 Butyrate insufficiency may contribute to the development of inflammatory conditions because the acid has been shown to induce the differentiation of colonic T regulatory lymphocytes, which suppress inflammatory and allergic responses. 38, 39 Gut microbial metabolite butyrate was shown to suppress development of colon carcinogenesis in Apc Min/＋ mice due to its Gpr109a agonist property through T regulatory cell differentiation. 40 2) Butyrate producing bacteria Bifidobacteria are Gram-positive, anaerobic, saccharolytic bacteria belong to the phylum Actinobacteria. 32 Most butyrate producers in the human colon belong to the Firmicutes phylum and in particular Clostridium clusters IV and XIVa. 32 Clostridial clusters IV and XIVa butyrate producers are Gram-positive, highly oxygen-sensitive, anaerobic and saccharolytic bacteria. The two dominant bacterial species are Faecalibacterium prausnitzii (up to 14% of the total fecal microbiota, clostridial cluster IV) and
Eubacterium rectale (up to 13% of the total fecal microbiota, clostridial cluster XIVa). 32, 41 Adding a fermentable fiber (inulin) to the diet of obese women increased counts of F. prausnitzii and other clostridial bacteria and reduced systemic inflammation.
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Pyrosequencing study revealed the difference in fecal microbial poulation patterns between colorectal cancer and healthy subjects. 43 Phylotypes closely related to Bacteroides were prevalent in the cancer patients, while the butyrate producing Faecalibacterium and Roseburia were significantly less abundant. 43 The abundance of Bacteroides species and colorectal cancer status was positively correlated. 43 Potentially pathogenic Fusobacterium and Campylobacter species were more abundant in colorectal cancer patients than in the controls. 43 A cross-sectional study measured the fecal samples from African Americans with a high risk of colon cancer and rural native Africans with a low risk for the disease. 30 Native Africans had significantly higher abundance in the butyrate-producing bacteria such as F. prausnitzii, Clostridium cluster IV, and Clostridium cluster XIVa, while
Bacteroides was the dominant microbial composition of African Americans. 30 3) Controversy on butyrate Although SFCAs including butyrate have been generally shown to be beneficial, several challenging reports also exist. Several key studies on the relationship between butyrate, microbiota and colon cancer are summarized on Table 1 . 37, 38, 40, [44] [45] [46] [47] [48] [49] [50] Higher fecal SCFA concentration correlated positively with metabolic syndrome risk factors, such as adiposity, waist circumference and homeostatic model assessment index, and inversely with high-density lipoprotein. 51 Significantly high concentrations of butyrate and propionate in obese children compared with normal-weight children were also reported. 52 A classic animal study using DMH colon cancer model showed that sodium butyrate treatment enhanced the development of colon neoplasm, while having increased fecal butyric acid concentration. 45 To seperate the effect of sodium, tributyrin was administered to AOM mouse model. Although tributyrin feeding resulted in 10-fold increase in butyric acid in feces, AOM induced dysplasia or colon tumor showed no difference between the tributyrin fed and control mice. 46 Recently, direct instillation of This discrepancy regarding the effect of butyrate on colon neoplasm could partly be attributed to the fiber itself that could play as a confounder. 53 Many studies testing the effect of butyrate on colon cancer development used dietary fiber as their source for butyrate production. However, the fiber may have independent effects from that of butyrate. 53 Dietary fiber can dilute possible carcinogens by increasing fecal bulk. 54 It also shortens time for proteolytic fermentation which may result in tumorigenic metabolites. Fiber could also bind carcinogens such as secondary bile acids. 54 Furthermore, many fibers contain health-promoting substances such as phytate and phytosterols. 53 In addition, the difference between in vitro vs. in vivo vs. human study can be another important factor explaining the discrepancy in the results. 53 Recently, a probiotic clinical trial proposed a 'rebalancing' of butyrate concentration by administrating Lactobacillus paracasei DG. 55 Interestingly, they found that the effect of the probiotic on the microbiota and SFCAs was associated with initial fecal butyrate concentration. 55 Specifically, objects with inital butyrate higher than 100 mmol/kg of wet feces showed reduction in butyrate and decrease in Colostridales genera. In contrast, for those with initial butyrate lower than 25 mmol/kg, the probiotic treatment increased butyrate concentration and decreased
Ruminococcus. based on these results, they suggested that fecal butyrate concentration may represent a biomarker to classify the subjects who might benefit from the probiotic treatment. 55 
-glucuronidase
Kim and Jin 56 investigated the relationship between intestinal bacterial -glucuronidase and colon cancer. After sonication of fecal specimens, the -glucuronidase activity of colon cancer patients was 12.1 times higher than that of the controls. 56 Animal study was also performed to elucidate the inducing factor for -glucuronidase by injecting DMH and benzo[a]pyrene to rats.
The bile from DMH-and benzo[a]pyrene-treated rats induced -glucuronidase in E. coli HGU-3, a -glucuronidase producing bacterium from human intestine. 56 The result implied the role of bacteria in converting the pro-carcinogens to carcinogen in the gut. 57, 58 3. Nitroso compunds N-nitroso compounds (NOC) are known to exert highly carcinogenic effects following the formation of potent DNA alkylating agents during metabolism. The apparent total N-nitroso compound (ATNC) in food is generally non-detectable, the measurable fecal concentration of ATNC is suggested to be produced endogenously by N-nitrosation. 59, 60 Although most dietary nitrate and nitrite are absorbed in upper gastrointestinal tract and excreted in the urine, people consuming a large amount of red meat can have nitrosating agents through colon. 61 Nitrate present in food and water is reduced by gut bacterial nitrate reductase to nitrite. Then nitrite reacts with nitrogenous compounds to produce NOC. 12, 60 Laboratory studies have shown that the bacterial strains belonging to Escherichia, Pseudomonas, Proteus, Klebsiella, and Neissera families nitrosate the nitrogenous precursors. 60, 61 And the nitrate and nitrite reductase genes regulate the N-nitrosation activity. 60 Most of these microbiota belong to facultative anaerobes that can also use nitrate or nitrite for respiratory denitrification by reducing nitrate to nitrite, NO, N2O and N2. 61 ATNC investigated in germ-free and conventional microflora rats supports this concept, showing the ATNC in the stomach and large intestine of the conventional animals were formed by microbial action. 62 
Heme
Heme iron is more abundant in red meat than white meat and fish, and they mediate transportation of nitrosating agents. 61 Dietary heme was also reported to alter the microflora by decreasing the number of Gram-positive bacteria, leading to expansion of Gram-negative community. 63, 64 An animal study reported that mice fed with a diet supplemented with heme showed a damaged gut epithelium and hyperproliferation. 65 The damage and hyperproliferation was not observed in mice that received heme and antibiotics together, implying the role of microbiota in heme-induced epithelial hyperplasia. 65 In the study, antibiotics were shown to block heme-induced differential expression of oncogenes, tumor suppressors, and cell turnover genes, implying that antibiotic treatment prevented the hemedependent cytotoxicity to the epithelium. The protective effect of antibiotics was attributed to elimination of sulfide-producing bacteria and mucin-degrading bacteria such as Akkermansia, because sulfide reduces disulfide bond to cause mucin denaturation. 65 A recent study also reported that dietary heme induces gut dysbiosis such as a decrease in -diversity, a reduction of Firmicutes and an increase of Proteobacteria, particularly Enterobacteriaceae. 66 The change was similar to dextran sodium sulfate-induced colitis model. A reduction in fecal butyrate levels was also found in mice fed the heme supplemented diet, compared to the control mice. 66 Mice with heme-supplemented diet also showed higher number of large adenomatous polyps than the those with control diet. 66 
Secondary bile acids
Diet rapidly alters the gut microbiome. 67 As bile acids are involved in the absorption of dietary fat in the intestine, 68 high-fat diets (HFDs) induce an increase in bile secretion. Liver secretes cholic and chenodeoxycholic acids. Secondary bile acids are the metabolites produced by intestinal bacteria from primary bile acids. Large bowel anaerobic bacteria deconjugates and dehydroxylates, cleaving glycine and taurine residues to form the secondary bile acids such as deoxycholic acid and lithocholic acid. 29, 60 Metagenomic analysis showed that the microbial bile salt hydrolase activity is identified in all major bacterial divisions in the gut. 69 Bile salt hydrolase confer bile tolerance and hence improvement in survival of bacteria in murine intestine. 69 However, to the host, continuous exposure to the certain hydrophobic bile acids may induce oxidative DNA damage that might lead to tumorigenesis. 68 In serum and bile of patients with colonic adenomas, more deoxycholic acid was detected than in healthy controls. 70 Secondary bile acids are toxic to several cell systems at physiological concentrations. 70 Direct installation of secondary bile acids in the large bowel can be tumor promoting. Infusion of deoxycholic acid led to damage of the mucosa, provoking increased cell proliferation. 71 Deoxycholic acid has been reported to cause resistance to apoptosis, as suggested from tissue specimens 72 and cell-line studies. 73 Microbial genes encoding for secondary bile acid production were more abundant in African Americans with high risk of colon cancer, whereas those encoding for methanogenesis and hydrogen sulfide production were higher in rural native Africans with low risk of the disease. 30 Fecal secondary bile acid concentrations were higher in African Americans, whereas SFCAs were higher in native Africans.
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FUNGI
Yeast constitutes ＜ 0.1% of microbiota. Most yeast isolates from the gastrointestinal tract are Candida albicans, and Torulopsis glabratra and C. tropicalis are occasionally discovered. 74 Saccharomyces boulardii, one strain of yeast, has been used as a probiotic for the treatment and prevention of diarrhea. 74 In recent study investigating human colonic mucosa, they reported an increase in biodiversity of fungal microbiota in sporadic cancer patients. 14 They also found a trend of increased proportion of Basidiomycota in colitis-associated cancer mucosa, implying a local dysbiosis.
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AGE, GENDER AND MICROBIOTA
Microbiota undergoes changes according to age. 75 A pyrosequencing study of fecal microbiota showed that the core microbiota of elderly subjects is different from that of younger adults, having a greater proportion of Bacteroides species and distinct abundance patterns of Clostridium groups. 75 In centenarians, the microbiota is characterized by a rearrangement in the Firmicutes population and enrichment in facultative anaerobes such as pathobionts. 76 The age-related change directs the elderly intestines to be in a high proinflammatory status through chronic age-related stimulation of macrophage. 76, 77 A recent study reported the regional difference of gut bacteria in old age rats. 78 The old rats showed the higher abundance of Ruminococcaceae and Lachnospiraceae, which breakdown polysaccharides to produce butyrate. 78 Notably, Deltaproteobacteria, a sulfate-reducing bacteria to produce genotoxic H2S, was significantly increased with aging in rat cecum. 78 Recently we published the article regarding microbial changes and host response in F344 rat colon depending on sex and age following an HFD which suggests a link between HFD-induced gut dysbiosis (particularly the low species richness and high abundance ratios of Desulfovibrio spp. and C. lavalense) and cell proliferation of colon mucosa (indicated by Ki67 IHC). 79 In addition, sex difference influenced the response of gut microbiome to HFD particularly in old age, and it might be linked to the differences of inflammation in the colon mucosa according to gender.
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CONCLUSION
The role of microbiota is a hot topic not only in the gastroenterological area including inflammatory bowel disease, irritable bowel disease and colon cancer but also in the depression and autism. Recently there has been a big progress in the studies on metabolic properties of microbiota such as butyrate production, facilitation of heme toxicity, bile acid transformation, and nitrate reduction which contribute to colon carcinogenesis. In this review article we tried to summarize the comprehensive information regarding microbiota and colon cancer including recent scientific evidence. Further research on this subject could suggest noble preventive measures for the disease.
